Recently, from the Hubble Space Telescope (HST) images of one of the Large Magellanic Cloud (LMC) events taken 6.3 years after the original lensing measurement, Alcock et al. were able to directly image the lens. Although the first resolved lens was identified for an LMC event, much more numerous lenses are expected to be resolved for Galactic bulge events. In this paper, we estimate the fraction of Galactic bulge events whose lenses can be directly imaged under the assumption that all bulge events are caused by normal stars.
INTRODUCTION
Following the proposal of Paczyński (1986) , experiments to search for lensing-induced light variations of stars (microlensing events) located in the Galactic bulge and the Magellanic Clouds have been or are being conducted by several groups (MACHO: Alcock et al. 1993;  EROS: Aubourg et al. 1993 ; OGLE: Udalski et al. 1993; MOA: Bond et al. 2001 ; DUO: Alard & Guibert 1997) . These experiments have successfully detected a large number of events (∼ 1, 000), most of which are detected towards the Galactic bulge.
Despite a large number of event detections, the nature of the lenses is still poorly known. This is because the Einstein ring radius crossing time t E (Einstein timescale), which is the only observable providing information about the physical parameters of the lens (lens parameters), results from a combination of the lens parameters, i.e.
where r E is the Einstein ring radius, M is the lens mass, v is the lens-source transverse speed, and D OL and D OS are the distances to the lens and the source from the observer, respectively.
Under this circumstance, the only approach one could pursue would be identifying the major lens population by statistically determining the lens mass function based on the observed timescale distribution. However, this approach requires a prior knowledge about the geometrical distribution of the lens, the lens kinematics, and the functional form of the lens mass function, which are all poorly known. In addition, even if all lensing objects were of the same mass, they would give rise to a broad range of timescale. As a result, it is difficult to identify the major lens population from this approach (Mao & Paczyński 1996; Gould 2001) .
Recently, from the Hubble Space Telescope (HST) images of one of the Large Magellanic Cloud (LMC) events (MACHO LMC-5) taken 6.3 years after the original lens measurement, Alcock et al. (2001) were able to resolve the lens from the lensed source star. By directly imaging the lens, they could identify that the event was caused by a nearby low mass star located in the Galactic disk.
Besides the identification of the lens as a normal star, direct lens imaging is of scientific importance due to following reasons. First, by directly and accurately measuring the lens proper motion with respect to the source, µ, one can better constrain the physical parameters of the individual lenses. The previous method to determine µ is based on the analysis of the lensing light curves of events affected by the finite source effect, such as source-transit single lens events and caustic-crossing binary lens events (Gould 1994; Witt & Mao 1994; Nemiroff & Wickramasinghe 1994) . By analyzing the part of the light curves near the source transit or the caustic crossing of these events, one can measure the source star angular radius Direct Lens Imaging 3 normalized by the angular Einstein ring radius θ E , i.e. ρ ⋆ = θ ⋆ /θ E , where θ ⋆ is the angular source star radius. Then, the lens proper motion is determined by
For the proper motion determination by using this method, however, one should know the source star angular radius, which can only be deduced from an uncertain color-surface brightness relation. As a result, the proper motions determined in this way suffer from large uncertainties. By contrast, if the lens is resolved, the proper motion can be directly and thus accurately measured from the observed image. Measuring the proper motion is equivalent to measuring the angular Einstein ring radius because θ E = µt E , where the event timescale is determined from the light curve. While t E depends on three lens parameters of M, D OL , and v, θ E does not depend on v, and thus the lens mass can be better constrained. Second, if the lens is resolved for an event where the lens-source relative parallax,
OS ), was previously measured during the lensing magnification, one can completely break the lens parameter degeneracy and the lens mass is uniquely determined by
where κ = 4G/(c 2 AU) ∼ 8.144 mas/M ⊙ (Gould 2001) . Third, if the source of an event was resolved via either a source transit or a caustic crossing and thus ρ ⋆ was precisely measured, one can determine the angular source star radius by reversing the process of the classical method of the proper motion determination, i.e. θ ⋆ = µ t E ρ ⋆ . By measuring θ ⋆ , one can determine the effective temperature of the source star, which is important for the accurate construction of stellar atmosphere models (e.g., Alonso et al. 2000) .
Although the first directly imaged lens was identified for an LMC event, much more numerous direct lens identifications are expected if high resolution followup observations are performed for events detected towards the bulge. There are several reasons for this expectation. First, compared to the total number of LMC events, which is ∼ 20, there are an overwhelmingly large number of bulge events. Second, while the majority of LMC events are suspected to be caused by dark (or very faint) objects, most bulge events are supposed to be caused by normal stars, for which imaging is possible. Third, an important fraction of lenses responsible for bulge events are believed to be located in the Galactic disk with moderate distances, and thus more likely to be imaged due to their tendency of being bright and having large proper motions.
The goal of this work is to estimate the fraction of Galactic bulge events whose lenses can be directly imaged. For this estimation, we first compute the expected distribution of the lens-source proper motions of the currently detected Galactic bulge events based on standard models of the geometrical and kinematical distributions of lenses and their mass function ( § 2). We then apply realistic detection criteria for lens resolution and the result is presented as a function of the time elapsed after the original lensing measurement, ∆t ( § 3).
Based on the result in § 3, we discuss some of the observational aspects of the future high resolution followup lensing observations aimed for direct lens imaging ( § 4). We summarize the result and conclude in § 5.
PROPER MOTIONS
The first requirement for direct lens imaging is that the lens should have a large relative proper motion with respect to the source so that it can be widely separated from the lensed source star within a reasonable amount of ∆t. In this section, we, therefore, estimate the expected distribution of proper motions of Galactic bulge events.
With the models of the lens mass function, φ(M), the matter density distributions of the lens and source stars along the line of sight towards the Galactic bulge field, ρ(D OL ) and ρ(D OS ), and the kinematical distribution of lens-source transverse velocities, f (v), the distribution of lens proper motions of Galactic bulge events is computed by
where v y and v z are the components of the transverse velocity which are respectively parallel with and normal to the Galactic disk plane, ǫ(t E ) is the detection efficiency of events as a function of t E , and the notation δ(· · ·) represents the Dirac delta function. We note that the factors v and r E are included in equation (4) to weight the event rate by the transverse speed and the lensing cross section.
For the Galactic bulge and disk matter density distributions, we adopt the models of Dwek et al. (1995) and Bahcall (1986) , respectively. In the bulge model, the bulge has a triaxial shape and the matter density is represented by an analytic form of
where (x 0 , y 0 , z 0 ) = (1.58, 0.62, 0.43) kpc, and the coordinates (x ′ , y ′ , z ′ ) represent the axes of the triaxial bar from the longest to the shortest, and the longest axis is misaligned with the line of sight toward the Galactic center by an angle θ = 20
• . The Bahcall disk model is expressed by a double exponential form of
where the radial scale length and the vertical scale height are h z = 325 pc and h R = 3.5 kpc, respectively.
For the transverse velocity distribution, we adopt the model of Han & Gould (1995) . In Direct Lens Imaging 5 this model, the velocity distributions for both disk and bulge components have a Gaussian form of
The means and the standard deviations of the individual velocity components for events with disk lenses and bulge source stars (disk-bulge events) are 
which correspond to the standard deviations in (9). We note that the adopted velocity model is a rough approximation in the sense that it does not include factors such as the systematic mean motion of bulge stars discussed by Evans & Belokurov (2002) , the figure rotation of the bulge discussed by Blum (1995) , and the possibility of non-Gaussian nature of disk star velocity distribution discussed by Evans & Collett (1993) , which may actually be important in the resulting distribution of proper motions. Since the inclusion of the mean motion or the figure rotation of bulge stars result in high proper motions, we note that the fraction of resolvable lenses predicted by the adopted bulge velocity model is the lower limit.
The Einstein timescale distribution of events observed by the MACHO group is claimed to be consistent with the distribution from normal stars (Alcock et al. 2000b ). We, therefore, model the mass function of lenses based on the present day main-sequence stars determined by Kroupa, Tout & Gilmore (1993) . The adopted mass function has a three power-law functional form of
For the detection efficiency, we adopt the latest determination of the MACHO experiment (Alcock et al. 2000b) , whose data were analyzed by using the 'difference image analysis' method. Figure 1 . The expected distributions of relative lens-source proper motions for Galactic bulge events. The solid curve is for events with disk lenses and bulge source stars (disk-bulge events), while the dashed curve is for events with bulge source stars lensed by another foreground bulge stars (bulge self-lensing events). The ordinate of each distribution is arbitrarily normalized so that the areas under the two curves match together.
In Figure 1 , we present the obtained distributions of relative lens-source proper motions for disk-bulge (solid curve) and bulge self-lensing (dashed curve) events, respectively. Due to the large uncertainties in the geometrical and kinematical distributions of lenses, the relative contribution of the disk and bulge lenses to the total event rate is very uncertain. We, therefore, leave the proper motion distributions of the disk-bulge and bulge self-lensing events separately, instead of estimating the distribution of total events by arbitrarily normalizing the ratio between the two populations of events. From the figure, one finds that, as expected, the average proper motion of events caused by disk lenses is larger than that of events caused by bulge lenses.
FURTHER RESTRICTION
The lens detectability is additionally restricted by the lens brightness. This is not only simply because the lens should be brighter than a detection limit, but also because the threshold lens-source separation for lens detection, θ th , varies depending on the apparent lens/source flux ratio. Therefore, we compute the angular threshold as a function of the magnitude difference between the lens and the source, ∆m = m L − m S . is modeled by a Gaussian, where the standard deviation σ represents the resolving power of the instrument to be used for imaging. Here we assume σ = 0 ′′ .05. We assume that the individual stars are resolved if the sign of the combined image's PSF profile changes more than twice in the overlapping region between the centers of the individual stellar images. Under this criterion, the two stars in the left panel is resolved, while the stars in the right panel is not resolved.
For the computation of θ th (∆m), we first model the point-spread-function (PSF) of a stellar image as a Gaussian, where the standard deviation σ of the PSF characterizes the resolving power of the instrument to be used for followup lensing observations. We then generate the combined image of the lens and the source by normalizing such that the volume under each PSF is proportional to the flux of each star. Once the combined image is constructed, we then judge whether the lens and the source can be resolved each other.
For this judgment, we assume that the lens can be resolved if the sign of the derivative of the combined image's one-dimensional PSF profile changes more than two times in the overlapping region between the centers of the lens and the source images (see Figure 2 for illustration). Then, the angular threshold is defined as the lens-source separation at which the lens is just to be resolved from the source star.
In Figure 3 , we present the computed angular threshold as a function of ∆m. The two curves correspond to the distributions expected when the followup observations are Figure 3 . The threshold angular separation for resolving two closely located stars as a function of magnitude difference between the two stars. The angular threshold is computed for two instruments whose resolving power is characterized by θ PSF = 0 ′′ .1 and θ PSF = 0 ′′ .05. carried out by using two different instruments, whose resolving powers are characterized by θ PSF = 2σ = 0 ′′ .1 (dashed curve) and 0
′′
.05 (solid curve), respectively. We note that the Advanced Camera for Surveys (ACS) recently installed on HST can achieve a resolution of θ PSF ∼ 0 ′′ .1. We also note that the Near Infrared Camera (NIRCam) of Next Generation Space Telescope (NGST), which will have an aperture of 6 -7 m, will be sensitive in the wavelength range of 0.6 to 5 microns, and thus can achieve θ PSF ∼ 0 ′′ .05. From the figure, one finds that as the lens becomes fainter, it becomes difficult to resolve the lens from the source star.
With the computed distribution of θ th (∆m), we recalculate the distribution of proper motions of events by using equation (4), but in this time only for events with detectable lenses. To be detected, the lens should meet the condition of µ∆t ≥ θ th (∆m). In addition, we also restrict that detectable lenses should be brighter than a threshold magnitude of I = 22.
For this computation, we assume that the source star has a fixed brightness of M I = 3.0, which corresponds to that of a bulge clump giant, while the lens brightness is deduced from its mass by using the mass-luminosity relation provided by Kroupa, Tout & Gilmore (1993) .
Once the absolute magnitudes of the source and the lens are set, their apparent magnitudes In Figure 4 , we present the finally determined fractions of events with detectable lenses as a function of ∆t. In the figure, the thick and thin curves represent the expected fractions when followup observations are conducted by using instruments with θ PSF = 0 .05, we estimate that lenses can be resolved for ∼ 22% and 45% of disk-bulge events and for ∼ 6% and 23% of bulge self-lensing events after ∆t = 10 and 20 years, respectively.
In the previous section, we estimated the fraction of Galactic bulge events for which one can directly image lenses from followup observations by using high resolution imaging instruments and presented the result as a function of a time after original lensing measurements. In this section, based on the result in the previous section we discuss some of the observational aspects of the future followup lensing observations aimed for direct lens imaging.
First, from the distributions in Fig. 4 , we find that the proper choice of the instrument for the future high resolution followup lensing observations will be NGST. Bulge events has been reported since 1993 (Udalski et al. 1994; Alcock et al. 1995a) . Under a rough assumption that disk-bulge and bulge self-lensing events equally contribute to the total Galactic bulge event rate and considering the life expectancy of HST, the fraction of events with resolvable lenses from HST observations will be just ∼ 5% even if the followup observations are performed at the end stage of HST for the first generation of lensing events. However, by using NGST, which is scheduled to be launched in 2009, it will be possible to resolve lenses for a significant fraction of events.
Second, given that all lensing events will be unable to be followed up due to the limited observation time of NGST, priority of targets should be given to events from which one can obtain extra information about the lens or the source star other than the identification of the lens as a normal star and the measurement of the lens-source proper motion. As mentioned in § 1, one can measure the angular radius of the source star of an event, for which the source was previously resolved, and uniquely determine the lens mass of an event, for which the lens parallax was measured. Therefore, these events should be at the top of the target list. In the published literature, we find 10 events, for which the source star was well resolved (Alcock et al. 1997 (Alcock et al. , 2000a Albrow et al. 1999 Albrow et al. , 2000 Albrow et al. , 2001a Afonso et al. 2000; An et al. 2002 ) † , and 11 events, for which parallax effect was measured (Alcock et al. 1995b; Mao 1999; Soszyński et al. 2001; Smith, Mao, & Woźniak 2002) . Another possible high priority targets will be the longest events with t E ∼ > 70 days. These events cannot be well explained by the standard models of the geometrical and kinematical distributions of lenses and their mass function (Han & Gould 1996) . Although these events comprise a small fraction ( ∼ < 10%) of the total number of events, they are important because their contribution to the total optical depth is important. Detection of lenses and the measured proper motions (or non-detection of lenses)
will allow one to better constrain the nature of these mysterious events.
We have estimated the fraction of Galactic bulge microlensing events for which the lenses can be directly imaged from future high resolution followup observations by computing the distribution of proper motions of the currently detected bulge events and imposing realistic criteria for lens resolution. From this computation, we find that lens identification will be possible for a significant fraction of bulge events from followup observations using NGST under the assumption that most bulge events are caused by normal stars. Besides identifying lenses as stars, direct lens imaging will allow one to accurately determine the lens proper motion, from which the physical parameters of the individual lenses can be better constrained. If lenses are imaged for events where lens parallaxes were measured, the lens parameter degeneracy can be completely broken and the lens mass can be uniquely determined. In addition, high resolution followup observations will provide a valuable chance to measure the angular radii of remote bulge source stars involved with events for which the source was previously resolved via either a source transit or a caustic crossing.
We would like to thank A. Gould for proving useful comments about the work. This work was supported by a grant (R01-1999-00023) of the Korea Science & Engineering Foundation (KOSEF).
